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G laucoma is the leading cause of irreversible blindness worldwide. 1 It is an optic neuropathy characterized by the progressive optic nerve head (ONH) cupping as well as degeneration of retinal ganglion cells and the loss of their axons, which comprise the retinal nerve fiber layer (RNFL). 2, 3 Optical coherence tomography (OCT) allows for noninvasive quantitative imaging of these affected structures in order to facilitate the detection and monitoring of glaucoma. [4] [5] [6] Of these structures, the peripapillary RNFL thickness measurement is currently the most commonly utilized OCT parameter for clinical glaucoma assessments. [5] [6] [7] [8] In addition to the traditional RNFL thickness parameter, the macula has recently become a target for structural glaucoma analysis. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Approximately 50% of the over 1 million retinal ganglion cells (RGCs) contained in the human retina are concentrated within 4.5 mm of the fovea, and the macula is the only area where the ganglion cell layer is more than one cell layer thick (up to seven layers). 20 Spectral domain (SD) OCT has enabled the segmentation of the three innermost layers of the macular retina: the retinal nerve fiber layer, the ganglion cell layer (GCL), and the inner plexiform layer (IPL). [21] [22] [23] The RTVue SD-OCT platform (Optovue, Inc., Fremont, CA, USA) calls these 3 layers the ganglion cell complex (GCC). The Cirrus platform (software versions 6.0 or higher; Carl Zeiss Meditec, Inc., Dublin, CA, USA) analyzes the macular region with the ganglion cell analysis, which measures the combined thickness of two layers (i.e., the GCL and the IPL) or GCIPL. For the Spectralis HRA OCT platform (Heidelberg Engineering, Heidelberg, Germany), software for posterior pole asymmetry analysis (PPAA) is available to evaluate total retinal thickness in the macular region in a 308 3 258 scan region, which was divided into an 8 3 8 grid. Some studies have even used the commercially available ETDRS (Early Treatment Diabetic Retinopathy Study) circles, which were designed for assessing diabetic disease and not glaucoma, to assess macular thickness in glaucoma patients. 24, 25 For all of these 3 commonly used SD-OCT platforms, a literature review generally suggests that the current commercially available SD-OCT macular software has the same or worse diagnostic potential as the traditional RNFL thickness parameter. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Because a review of the currently available macular software for glaucoma patients suggests that macular analysis is no better than the most commonly used RNFL thickness parameter, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] this study had two specific aims. The first aim was to develop customized glaucoma software for macular analysis in the clinic to see if a macular parameter could be developed that is better than the traditional RNFL thickness parameter. For this novel software, we first acquired high density 6 3 6 mm macular volume scans and then used our custom-designed software to analyze the total retina and GCC retina for both macular thickness and volume parameters for six different-sized annular regions. The second aim of this study was to determine if SD-OCT macular analysis could be improved upon by manual correction of segmentation errors. The latter aim was stimulated by the hypothesis that a principle limitation of SD-OCT macular analysis is the high incidence of artifacts caused by segmentation errors. In the macula, it is difficult to correctly segment the inner retinal layers, because the difference in their scattering properties is relatively small. 39 High incidences of macular artifacts where found when Han and Jaffe analyzed macular volume scans of 88 eyes from 54 patients for image artifacts within each scan overall and within the center 1-mm area. Artifacts were considered clinically significant if they resulted in errors of more than 50 lm or more than 10% of retinal thickness or that caused a misdiagnosis of macular edema or retinal thinning. They found that 90.9% of 88 Spectralis HRA OCT scans had at least one artifact, and 37.5% (or 33 of 88 scans) had at least 1 artifact in the central 1 mm area. 39 Of the 88 scans, 8.0% (or 7 scans) had clinically significant artifacts. 39 Therefore, the first aim of our study was to compare the diagnostic capability of novel three-dimensional (3D) macular parameters (i.e., total and inner macular thickness and volume) to the traditional two-dimensional (2D) RNFL thickness measurements in a population of open angle glaucoma (OAG) patients and in a subgroup of subjects with early OAG. Then the secondary aim of this study was to determine if the diagnostic capability of 3D macular parameters can be improved upon with manual correction of artifacts.
MATERIALS AND METHODS

Participants and Examinations
All study subjects were recruited from the Glaucoma Service at the Massachusetts Eye and Ear Infirmary between April 2009 and July 2014, as a part of the prospective Spectral Domain OCT in Glaucoma (SIG) study, which was approved by the Massachusetts Eye and Ear Infirmary institutional review board. An informed consent form was obtained from all the subjects participating in the study. All methods adhered to the tenets of the Declaration of Helsinki for research involving human subjects, and the study was conducted in accordance with the Health Insurance Portability and Accountability Act. All study subjects underwent a complete eye examination by a glaucoma specialist (TCC), and this included history, visual acuity testing, refraction, Goldmann applanation tonometry, slit-lamp biomicroscopy, gonioscopy, ultrasonic pachymetry, and dilated ophthalmoscopy. All study subjects also had stereo disc photography (Visucam Pro NM; Carl Zeiss Meditec, Inc.), visual field (VF) testing (Swedish Interactive Threshold Algorithm 24-2 test of the Humphrey visual field analyzer 750i; Carl Zeiss Meditec, Inc.), and Spectralis OCT peripapillary RNFL thickness measurements (HRA/Spectralis software version 5.4.8.0, Heidelberg Engineering GmbH). The average RNFL thickness values for overall RNFL (3608), for each 908 quadrant (superior, temporal, inferior, and nasal), and for each sector [superior temporal (ST), superior nasal (SN), inferior temporal (IT), and inferior nasal (IN)] were recorded from the Spectralis OCT RNFL printouts.
Patients were included if they had a spherical equivalent between À5.0 and þ5.0 diopters and a best-corrected visual acuity of 20/40 or better. Only patients with reliable VF testing were included, with less than 33% fixation losses, less than 20% false-positive results, and less than 20% false-negative results. Patients were excluded if they had discernible congenital anomalies of the anterior chamber, corneal scarring, or opacities, severe nonproliferative or proliferative diabetic retinopathy, VF loss attributable to a nonglaucoma condition, or a dilated pupil diameter of less than 2 mm.
Glaucoma patients were defined as having characteristic changes of the ONH with corresponding abnormal VF defects. The VF was considered to be abnormal if 3 or more contiguous test locations in the pattern standard deviation plot were depressed significantly at the P < 0.05 level with at least 1 at the P < 0.01 level on the same side of the horizontal meridian and if the VF defect corresponded to the optic nerve appearance. 40 Both primary and secondary OAG patients were included: 67 primary OAG patients, 14 pseudoexfoliation glaucoma patients, 13 normal tension glaucoma patients, and 7 pigmentary glaucoma patients. We did subanalysis on a subgroup of early OAG patients with VF mean deviations ranging from 0 to À6 dB.
Normal subjects were without ocular disease, except for mild cataracts, and had normal VF test results, as defined by a pattern standard deviation of more than 5% and glaucoma hemifield test results within normal limits. 41 If both eyes were eligible for the study, 1 eye was selected randomly by using the RANDBETWEEN (min, max) function in a spreadsheet program (Excel 2007; Microsoft Corp., Redmond, WA, USA). We defined ''1'' for the ''min'' and ''2'' for the ''max.'' We ran the command ¼ RANDBETWEEN (1,2) for every row of patients where both eyes were eligible. We picked the right eye for the result ''1'' and left eye for the result ''2.''
SD-OCT Macular Volumetric Study Protocol
After pupillary dilation, SD-OCT imaging was performed with the Spectralis OCT machine which utilizes an 870-nm superluminescent diode source. 42, 43 Spectralis OCT provides an automatic real-time (ART) function with an eye-tracking system that can increase image quality. With the ART function activated, multiple frames of the same scanning location are obtained. These data then are averaged for noise reduction, and eye-motion artifacts are reduced. Scans with signal strength of less than 15 dB (range: 0-40) were excluded from the analysis. 44 In addition, the criteria for determining adequate scan quality were as follows: a clear fundus image with good optic disc and scan area visibility before and during image acquisition, overlay of volume scan visible and without interruptions, and a continuous scan pattern without missing or blank areas.
The Spectralis OCT macular volume scan encompassed a 208 3 208 field that was 6 3 6 mm. We obtained 193 B-scans per volumetric scan and were taken with the high-speed rate and ART set at 3.
Analysis of SD-OCT Macular Volume Scans
Analysis of OCT macular volume scans was performed by a custom-built program written in a computing environment (MATLAB; MathWorks, Inc., Natick, MA, USA). Figure 1 shows how the 193 B-scans were segmented by the software to determine the inner macular region (GCC ¼ ganglion cell layer, inner plexiform layer, retinal nerve fiber layer) and the entire macular region (M). The software automatically segmented the inner limiting membrane (ILM, red line), the posterior boundary of GCC (inner plexiform layer, green line), and the RPE (blue line). The fovea was identified automatically by the software or, when needed, manually corrected by one of the authors (ACVV). Figure 2 shows the six different-sized annular regions, which were used to calculate thickness and volume for both the entire macular retina (M) and the inner three layers of the macular retina (GCC). The six different-sized annuli included four annuli with widths of 1 mm, while the other 2 annuli had larger widths. Of the annular regions with a 1-mm width, the smallest annulus had an inner diameter of 1 mm and outer diameter of 2 mm, the next largest annulus had diameters of 2 and 3 mm, the next largest annulus had diameters of 3 and 4 mm, and the largest annuli had diameters of 4 and 5 mm. The two remaining annuli had diameters of 1 and 4 mm and diameters of 1 and 5 mm. For all six different-sized annuli, Mthickness, M-volume, GCC-thickness, and GCC-volume were calculated. Thickness values were in lm, and volume values were in mm 3 . For terminology of M and GCC parameters, the inner and outer diameter lengths are placed after the parameter. So, for example, M-volume-34 represents the total macular volume for an annulus with inner diameter of 3 mm and outer diameter of 4 mm. Another example is GCCthickness-15, which is the thickness of the inner three layers of the macular retina within an annulus of inner diameter 1 mm and outer diameter 5 mm.
Thickness and volume of the total macula and of GCC in each annulus were calculated for 3608 (global) All 193 B-scans for each subject were then checked for algorithm artifacts and errors by one of the authors (ACVV). Artifacts were broadly categorized into two types: segmenta- tion artifacts or acquisition artifacts. A segmentation artifact includes either misidentification or no segmentation of the ILM, GCC, or RPE. Acquisition artifacts included the following types: (1) jump or out-of-register artifacts, where the scan was shifted up or down and out of the scan display box, (2) cut edge artifact, where part of the displayed retinal cross-section was truncated, (3) absence of image artifact, where the entire B-scan was missing, and (4) mirror artifact. The artifact rates were calculated by dividing the number of B-scans with artifacts (numerator) by the total number of B-scans per each volume scan (denominator). The percentage of volume scans with at least one B-scan artifact was also calculated.
Scans containing artifacts were manually deleted, and the software then again calculated the aforementioned measurements with interpolation of deleted frames.
Statistical Analysis
Statistical analyses were performed using R 3.2.3 and R packages AUROC 0.3.0, pROC 1.9.1. Demographic characteristics of the normal and glaucoma groups were compared using Fisher's exact test for categorical variables and two-sided Student's t-test for continuous variables. Only one eye per patient was included for statistical analyses.
The artifact rates per B-scan were compared between normal and glaucoma patients using v 2 test. Two sample t-tests were performed to compare the macular parameters before and after interpolation for the normal and glaucoma subject data.
Areas under the receiver operating characteristic (AUROC) curves were calculated for peripapillary RNFL thickness, Mthickness, GCC-thickness, M-volume, and GCC-volume for discriminating glaucoma from healthy patients for 3608 (global), for each 908 quadrant, and for all eight sectors (NS, SN, ST, TS, IT, TI, IN, NI). Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (PLR), and negative likelihood ratio (NLR) were calculated for each parameter using the cutoff value based on the maximum value of the Youden index (J), which is equal to the maximum of (Sensitivity þ Specificity -1). Pairwise comparisons of receiver operating characteristic (ROC) curves were performed between all parameters before and after interpolation of the data. Delong's method was performed for comparison of ROC curves. Values of P < 0.05 established statistical significance. The P values reported are false discovery rate corrected (FDR-corrected) to control for multiple testing where applicable. Results are expressed as mean 6 standard deviation, unless otherwise stated.
RESULTS
A total of 162 subjects were initially enrolled into the study. Out of this group, four subjects were excluded, because these patients were not able to complete the OCT volume scans. Table 1 lists the demographic characteristics of the remaining 158 patients who were included in the study (101 OAG patients, of which 29 had early OAG; and 57 healthy subjects). The glaucomatous subjects were older (68.2 6 11.9 years) compared to the normal subjects (54.1 6 15.5 years, P < 0.0001). The glaucoma patients had significantly lower mean deviations and higher pattern standard deviations compared to healthy subjects (P < 0.0001).
For the different size annuli (Fig. 2 ), larger annuli extended beyond the 6 3 6 mm scanned region a higher percentage of the time: annulus with diameters 1 and 2 mm (0% of the time outside the scanned region), annulus with diameters 2 and 3 mm (0.2%), annulus with diameters 3 and 4 mm (0%), and annulus with diameters 4 and 5 mm (0.9%).
We found 100% of macular volume scans had at least one Bscan with an artifact. Table 2 shows that the most common type of segmentation artifact was segmentation errors of the posterior border of the GCC, and that this artifact was significantly more common in OAG compared to healthy subjects (19.8% vs. 13.5%, P < 0.0001, Table 2 ). Acquisition artifacts were less frequent than segmentation artifacts (0.1%-0.5% vs. 2.6%-19.8%, Table 2 ), but acquisition artifacts were also significantly more common in OAG compared to healthy subjects (0.4% to 0.5% vs. 0.1%, P < 0.0001, Table 2 ). The algorithm correctly located the foveal center in all but 19 patients, who required manual centration of the annuli. Table 3 shows that the overall global RNFL was thinner for the glaucoma eyes compared to the normal eyes (58.3 6 15.4 lm vs. 94.8 6 12.1 lm, P < 0.0001). The RNFL was thinner for glaucoma versus normal subjects for all quadrants and sectors (Table 3) .
Although GCC-volume and M-volume (Table 4) and GCCthickness and M-thickness values (Table 5 ) for all annuli were calculated before and after manual deletion with interpolation of artifacts, the AUROC curve values for all parameters for all annuli before and after interpolation did not significantly differ (P values between 0.8452 and 1.0000, data not shown). Therefore, only values from before interpolation were displayed in Tables 4 and 5 . For all annuli sizes and for all global parameters (M-thickness, M-volume, GCC-thickness, GCCvolume, Tables 4 and 5 ), values were lower for glaucoma eyes compared to normal eyes (P values all < 0.0001). The mean difference of the global M-thickness values for before and after interpolation was 1.831 6 20.658 lm, of the global M-volume was 0.000 6 1.832 mm 3 , of the global GCC-thickness was 0.280 6 1.967 lm, and of the global GCC-volume was 0.005 6 0.037 mm 3 . In Tables 6 and 7 , we listed the volume parameters (GCCvolume and M-volume) and in Supplementary Tables S1 and S2 the thickness parameters (GCC-thickness and M-thickness) for all glaucoma patients. In Tables 8 and 9 , we listed the volume parameters (GCC-volume and M-volume) and in Supplementary Tables S3 and S4 the thickness parameters (GCC-thickness and M-thickness) for the subgroup of patients with early glaucoma.
Comparison of AUROC values between peripapillary RNFL thickness and GCC-volume (Table 6 ) and M-volume (Table 7) for all six annuli sizes are shown. The AUROC value for overall RNFL thickness was 0.956. However, for RNFL thickness, the best AUROC value for quadrants and sectors was the inferior quadrant (0.960), followed by the IT sector (0.957), superior quadrant (0.938), and ST sector (0.935). For GCC-volume parameters, annular region GCC-volume-34 achieved the best combination of both best diagnostic performance and most annular scans being within the 6 3 6 mm 2 square scanned region the highest percentage of the time (100%). The AUROC GCC refers to the three innermost retinal layers: ganglion cell layer (G), inner plexiform layer (I), and retinal nerve fiber layer (R). The artifact rates per B-scan were compared between normal subjects and glaucoma patients using v 2 test. Values of P < 0.05 established statistical significance. * Percentages of artifacts are calculated per B-scan and not per volume scan. There are 193 B-scans per volume scan, and 100% of volume scans had at least 1 B-scan with an artifact.
† Acquisition artifacts include jump artifacts, cut edge artifacts, missing image artifacts, and reflection error artifacts. value for global GCC-volume-34 was 0.939, which was similar to global RNFL thickness (P value ¼ 0.3827). For GCC-volume-34, the best AUROC curve value for all quadrants and sectors was the temporal quadrant (0.947), which was significantly better than temporal RNFL (P value ¼ 0.0067). After the temporal GCC-volume-34, best quadrants and sectors were inferior quadrant GCC-volume-34 (0.929) followed by the IT GCC-volume-34 (0.920, Table 6 ). Only the AUROC for the temporal quadrants for GCC-volume-23, GCC-volume-34, GCCvolume-45, GCC-volume-14 and GCC-volume-15 were significantly higher than corresponding RNFL quadrants (i.e., all P values were between 0.0045 and 0.0161, Table 6 ). The AUROC for the temporal M-volume-23, M-volume-34, M-volume-45, Mvolume-14, and M-volume-15 were also higher but not significantly higher compared to corresponding RNFL thickness regions (i.e., all P values were between 0.5287 and 0.6534, Table 7 ). In all the other quadrants and sectors, the diagnostic performance of RNFL thickness was either significantly better or similar to the macular parameters (Tables 6, 7) .
In contrast, for the nine regions (global, quadrant, and sector), Table 7 shows that AUROC curve values for five regions for M-volume-34 were significantly worse than RNFL thickness and for the four regions statistically similar to RNFL thickness. For the best M-volume annulus (i.e., M-volume-34), the AUROC value for overall M-volume-34 was 0.877 (i.e., significantly worse than global RNFL thickness AUROC ¼ 0.956, P value ¼ 0.0051, Table 7 ). Best regions for M-volume-34 were IT sector (0.885), temporal quadrant (0.885), and inferior quadrant (0.875), with inferior and IT M-volume-34 being significantly worse than the corresponding regions for RNFL thickness (P values ¼ 0.0041 for inferior quadrant, and 0.0067 for IT sector, Table 7 ). Therefore, in summary, inner retina parameter GCC-volume-34 had better diagnostic capability compared to total retina parameter M-volume-34 (Tables 6, 7) , and total retina parameter (e.g., M-volume) had the same or worse diagnostic capability as RNFL thickness.
The AUROC of GCC-volume were significantly higher compared to M-volume in all the corresponding regions (i.e., all P values were between 0.0001 and 0.0445), except for the annuli between 1 and 2 mm (superior and nasal quadrants, NS, SN, ST, TS, TI, and NI sectors), between 2 and 3 mm (NI sector), and between 1 and 4 mm (nasal quadrant, NS sector), where the AUROC for GCC-volume were higher but statistically similar compared to M-volume (i.e., all P values were between 0.0521 and 0.1715). For the subgroup of 29 patients with early glaucoma (VF MD: 0 to À6 dB), comparisons of AUROC values between peripapillary RNFL thickness and GCC-volume (Table  8 ) and M-volume (Table 9 ) are shown. The AUROC value for overall RNFL thickness was 0.934. For RNFL thickness, the best AUROC values for quadrants and sectors were for the inferior quadrant (0.937), followed by the IT sector (0.919), superior quadrant (0.882), and ST sector (0.872). The AUROC value for global GCC-volume-34 was 0.901, which was similar to global RNFL thickness (0.934, P ¼ 0.4409). The best AUROC curve value for GCC-volume-34 was the temporal quadrant (0.932), which was significantly better than temporal RNFL thickness (AUROC ¼ 0.740, P ¼ 0.0139), followed by the inferior quadrant (0.896), and by the IT sector (0.892, Table 8 ). For the Results are expressed as the mean 6 standard deviation (SD) unless otherwise stated. Results are also expressed before interpolation of data for annular regions of varying sizes centered on the fovea. Student's t-test was performed and values of P < 0.05 established statistical significance. Results are expressed as the mean 6 SD unless otherwise stated. Results are also expressed before interpolation of data for annular regions of varying sizes centered on the fovea. Student's t-test was performed and values of P < 0.05 established statistical significance.
best M-volume annulus (i.e., M-volume-34), the AUROC value for overall M-volume 34 was 0.806 (i.e., significantly worse than global RNFL thickness AUROC 0.934, P ¼ 0.0438, Table 9 ). The best regions for M-volume-34 were IT sector (0.840), temporal quadrant (0.835), and inferior quadrant (0.816). Inferior M-volume-34 was significantly worse than the corresponding region for RNFL thickness (P ¼ 0.0129), while all the other regions (superior, nasal, temporal quadrants, and IN, IT, SN and ST sectors), were statistically similar to RNFL thickness (i.e., all P values were between 0.1022 and 0.8785, Table 9 ).
In Tables 6 and 7 , 2D RNFL thickness parameters were compared to 3D volume parameters (GCC-volume and Mvolume). We compared 2D RNFL thickness parameters to 2D thickness parameters (GCC-thickness and M-thickness) for all glaucoma patients (Supplementary Tables S1, S2 ) and for the subgroup of patients with early glaucoma (Supplementary  Tables S3, S4 ). Per AUROC curve values, the diagnostic ability of 2D RNFL thickness values versus 3D GCC and macular volume parameters were similar to comparisons between 2D RNFL thickness values and 2D GCC and macular thickness parameters except for the following: 3D nasal M-volume-12 was similar to 2D nasal RNFL thickness, while 2D nasal Mthickness-12 was significantly worse than 2D nasal RNFL thickness (Tables 7, Supplementary Table S2 ); for the subgroup of patients with early glaucoma, 3D inferior GCC-volume-12 was significantly worse than 2D inferior RNFL thickness, while 2D inferior GCC-thickness-12 was similar to 2D inferior RNFL thickness (Table 8, Supplementary Table S3) ; 3D global Mvolume-34 was significantly worse compared to 2D global RNFL thickness, while 2D M-thickness-34 was comparable to 2D global RNFL thickness; 3D inferior M-volume-45 was significantly worse than 2D inferior RNFL thickness, while 2D inferior M-thickness-45 was comparable to 2D inferior RNFL thickness (Table 9, Supplementary Table S4 ). Otherwise, P values were similar when comparing AUROC curve values between 3D GCC-volume-34 (the best 3D macular parameter) and 2D GCC-thickness-34 (Tables 6, 8, Supplementary Tables  S1, S3 ).
DISCUSSION
In our study, we used custom-designed macular software to calculate data from high density volumetric macular scans to evaluate the diagnostic performance of total macular and inner macular (GCC) thickness and volume. This study showed that the best 3D macular parameter, GCC-volume-34, had the same or better diagnostic capability as the traditional 2D peripapillary RNFL thickness parameter (i.e., temporal GCC-volume-34 being better than temporal RNFL thickness, both for all OAG patients, P ¼ 0.0067, Table 6 as well as in an early OAG subgroup of patients, P ¼ 0.0139, Table 8 ). GCC-volume parameters were the same or significantly better than Mvolume parameters. Also, to our knowledge, this is the first study that demonstrates that manual deletion of B-scans with artifacts and subsequent interpolation of data did not increase the diagnostic performance of macular parameters, indicating that artifacts in 3D volume scans do not require manual correction in the clinic. This is significant, because this study found that 100% of macular volume scans had at least one Bscan with an artifact. Overall study conclusions were that 3D datasets are better for patient care than 2D datasets, because 3D datasets afford the same or better diagnostic ability with fewer clinically significant testing artifacts.
The volume and thickness of the total macular retina and the inner macular retina (GCC) were calculated for six different-sized annular regions centered on the fovea (Fig. 2) . Our study did not analyze the area bounded by the central circle of diameter of 1.00 mm, because the GCL is too thin to reliably measure at the foveal center. The area outside the 5-mm diameter circle was not analyzed, because an annulus with inner diameter of 5 mm and outer diameter of 6 mm would too frequently be outside the 6 3 6 mm 2 scanned region. For all six annuli sizes, this study shows that all macular parameters were significantly reduced in glaucoma patients compared to normal subjects (P < 0.0001, Tables 4, 5) . This is consistent with past time domain OCT and SD-OCT studies, which have also shown that the macula is thinner in glaucoma versus normal subjects. 6, 14, [24] [25] [26] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] In fact, glaucomatous damage is characterized by thinning of both the GCL and the RNFL, which represent 30% to 35% of the total macular thickness. 55 The current study also shows that the RNFL is thinner in glaucoma versus normal subjects for all regions (P < 0.0001, Table 3 ).
In the six annular regions studied, the AUROC or diagnostic capability of GCC-volume was significantly better compared to M-volume in all corresponding regions (all P values between 0.0001 and 0.0445), except certain regions where GCC-volume AUROC were higher than but statistically similar to M-volume AUROC. This result is consistent with a study by Mori et al. 53 who used the RTVue SD-OCT (Optovue, Inc.) to analyze the central 5-mm diameter area of the macula, and who showed that the AUROC for GCC volume was significantly greater than the AUROC for total retinal volume in the same area (0.922 and 0.857, P ¼ 0.020). Similarly, Kotowski et al. 26 used the Cirrus SD-OCT platform (Carl Zeiss Meditec, Inc.), which evaluates an elliptical annulus centered on the fovea with inner vertical radius of 0.5 mm and outer vertical radius of 2 mm, stretched horizontally by 20%, and found that the AUROC of GCIP and GCC thickness was significantly better than the AUROC of the total retinal thickness (AUROC average GCIP ¼ 0.900, P ¼ 0.016; AUROC average GCC ¼ 0.901, P ¼ 0.020; AUROC average retinal thickness [RT] ¼ 0.839). Compared to the aforementioned studies, 26, 53 our study design was different in that we used a different SD-OCT device (the Spectralis SD-OCT), we used a different scan protocol that utilizes a high density 6 3 6 mm macular volume scan, and we used our own novel custom-designed software which analyzed both total macular retina and GCC for both thickness and volume parameters for six modifiable annular regions.
Of all the 3D macular parameters, this study shows that GCC-volume-34 had the best diagnostic capability due to a combination of high AUROC curve values and of being within * P values indicate that there are statistically significant differences (P < 0.05) between RNFL thickness and GCC-volume AUROC. Delong's method was performed for comparison of AUROC curves. P values of < 0.05 established statistical significance. The P values reported are false discovery rate corrected (FDR-corrected) to control for multiple testing. the 6 3 6 mm scanned region 100% of the time. When evaluating all six annular regions for GCC-volume, the best diagnostic capability was initially noted for overall GCCvolume-45, both for the entire group of OAG patients (Table  6 ) and for a subgroup of early OAG patients (Table 8) . This initial interpretation would suggest that the most peripheral annulus (GCC-volume-45, with inner diameter of 4 mm and outer diameter of 5 mm) has the best diagnostic capability. This initial conclusion would also be consistent with previous studies that have shown that the peripheral macular regions are the most susceptible to glaucomatous damage. 6, 25, 51, 53 However, one of the limitations of the most peripheral annulus, bound by diameters of 4 and 5 mm, is that the analyzed region is outside the 6 3 6 mm scanned square the highest percentage of the time, albeit only 0.9% of the time. In contrast, the GCC-volume-34 annular region was inside the square scanned region 100% of time and had some of the highest AUROC curve values (OAG patients: overall GCCvolume-34 ¼ 0.939; temporal GCC-volume-34 ¼ 0.947; IT GCCvolume-34 ¼ 0.920, Table 6 ; early OAG patients: overall GCCvolume-34 ¼ 0.901, temporal GCC-volume-34 ¼ 0.932, inferior GCC-volume-34 ¼ 0.896, IT GCC-volume-34 ¼ 0.892, Table 8 ). Therefore, the best macular parameter for the clinical setting would be one where the annular region had high diagnostic capability but also was inside the scanned region 100% of the time (i.e., GCC-volume-34), to avoid the issue of incomplete datasets caused by decentered volume scans.
Of the four quadrants, the temporal GCC-volume-34 had the best diagnostic capability (OAG patients: 0.947, Table 6 ; early OAG patients: 0.932, Table 8 ). However, of the 4 sectors IT GCC-volume-34 had the best diagnostic capability (AUROC OAG patients: 0.920, Table 6 ; early OAG patients: 0.892, Table  8 ). These results are consistent with previous SD-OCT studies that showed that the macular regions most susceptible to glaucomatous changes are the inferior and temporal regions. 54, 56 Tables 6, 7 , 8, and 9 are also consistent with past studies, 27, 28, 30, 32, 35, 36, 54, [57] [58] [59] [60] [61] in that Tables 6 through 9 show that the best diagnostic regions for RNFL thickness, aside from global RNFL thickness, are for the inferior and superior quadrants and for the IT and ST sectors (OAG patients: AUROC ¼ 0.935-0.960; early OAG patients: AUROC ¼ 0.872-0.937).
The RNFL thickness parameter is the most commonly used OCT parameter in glaucoma, but the diagnostic performance of GCC-volume-34 was similar to peripapillary RNFL thickness for overall global and for all quadrants and sectors, except for the temporal GCC-volume-34 that was significantly better than for temporal RNFL thickness (0.947 vs. 0.859, P ¼ 0.0067, Table 6 for all glaucoma patients, and 0.932 vs. 0.740, P ¼ 0.0139, Table 8 for early glaucoma patients). These results are in contrast to several past studies which showed better diagnostic capability for RNFL thickness compared to macular parameters assessed by RTVue-100 OCT. [35] [36] [37] These past studies suggest that the better diagnostic performance of the RNFL thickness parameter can be explained by the fact that 100% of the RGC axons can be measured by the peripapillary RNFL thickness parameter, while only 50% of RGCs contained in the human retina are concentrated within 4.5 mm of the fovea. In addition, macular measurements can be affected by nonglaucomatous diseases that independently affect macular thickness and volume. The current study suggests that macular volume scans may have advantages over RNFL thickness scans for diagnosis. In contrast to past studies that suggest that macular measurements are worse than RNFL thickness scans, this study's GCC-volume-34 parameter may have similar or better diagnostic abilities due to the high density volume scan (i.e., 193 B-scans over a 6 3 6 mm 2 region), in contrast to past studies which utilizes scan protocols of one horizontal line scan of 7 mm in length (467 A-scans) followed by 15 vertical line scans of 7 mm in length (400 A-scans each) at 0.55-mm intervals. [35] [36] [37] Also, this high-density volume scan and associated custom-designed software may enable fewer clinically significant artifacts, thereby, enhancing diagnostic capability, especially in the temporal quadrant. Further studies are needed to test these hypotheses. Recent longitudinal studies also suggest that macular analysis may be better than or at least may complement RNFL measurements. 62, 63 In a study by Kim et al., 62 it was found that eyes with early glaucoma showed GC-IPL changes before corresponding peripapillary RNFL changes. Moon et al. 63 showed that serial GC-IPL measurements detected central glaucomatous functional progression as well as RNFL photographic assessment. Therefore, the current study and recent longitudinal studies suggest that macular analysis may play a more important role in the future for monitoring of glaucoma disease progression.
An objective of the current study was to analyze the artifact rates for 3D macular volume scans and to see if manual correction of artifacts is needed in the clinic. Even though 100% of macular volume scans had at least one B-scan with an artifact, manual correction of artifacts is not needed, because these artifacts did not significantly affect volume calculations (e.g., average difference between global GCC-volume values before and after correction was 0.005 6 0.037 mm 3 , where average GCC-volume-34 was 0.621 mm 3 , Table 4 , in this example, representing a 0.8% change in average values with correction). Also, the mean difference of the global Mthickness values before and after interpolation was 1.831 6 20.658 lm. These differences are less than the 7 lm axial resolution of the Spectralis SD-OCT device. 64 These differences are also similar to or less than reported values for normal machine interscan variability for the central macular region (i.e., 0.46% 65 or 8.03 lm 66 to 15.0 lm 67 ). Similarly, this study's volume scan artifacts did not affect diagnostic capability, because AUROC curve values for all 3D macular parameters for all annuli before and after interpolation did not significantly differ (i.e., P values between 0.8452 and 1.0000). When comparing our artifact rates with the literature, it is important to note that differences may be the result from whether artifact rates are reported as per B-scan or per volume scan. In this study, even though the artifact rate was 100% per volume scan (i.e., all volume scans had at least 1 B-scan with an artifact), Table 2 shows that artifact rates per B-scan ranged from 0.1% to 19.8%, with higher artifact rates in glaucoma versus normal subjects, and higher artifact rates for segmentation versus acquisition errors. Our artifact rate of 100% per volume scan with 193 B-scans is similar to a previous Spectralis study that analyzed macular volume scans in healthy patients and in subjects with retinal diseases. 39 In this study, Han and Jaffe 39 found that 90.9% of macular volume scans had at least one artifact, when volume scans were comprised of either 19 or 80 horizontal B-scans, with 1024 or 768 A-scans per line. In contrast, lower artifact rates were found when analyzing 2D data for artifact rates per B-scan, and both Asrani et al. 68 and Liu et al. 69 found that 19.9% and 46.3% of 2D RNFL thickness scans, respectively, had artifacts. Further studies are needed to compare the differing artifact rates for 2D versus 3D datasets and for the macula versus optic nerve and peripapillary regions. In summary, 3D volume scans appear less affected by artifacts compared to 2D B-scans, because occasional B-scan artifacts within volume scans can be adequately compensated for by neighboring artifact-free B-scans, such that final volume calculations are not significantly affected. In contrast, if an artifact is found in a single 2D B-scan, there are no neighboring B-scans to help correct for these errors and the 2D B-scan often can not be used clinically.
To better understand the types of artifacts in this study and in the aforementioned studies, 39 ,68,69 we grouped the artifacts in two main categories: segmentation artifacts (i.e. misidentification or no segmentation of the ILM, GCC posterior boundary, or RPE), and acquisition artifacts (i.e., jump artifacts, cut edge artifacts, no image artifacts, or reflection error artifacts). In our study, we found that segmentation artifacts were more frequent than acquisition artifacts in both healthy and glaucoma subjects (2.6%-19.8% vs. 0.1%-0.5%, Table 2 ), suggesting that research into improved segmentation algorithms would be beneficial. In both glaucomatous and healthy subjects, the most frequent artifact was the segmentation artifact involving the posterior boundary of the GCC (i.e., 13.5% rate for healthy subjects and 19.8% rate for glaucoma patients, Table 2 ). These results agree with Han et al. 39 who found that the most frequent types of artifacts were misidentification of the inner (11.3%) and outer (13.2%) retina. The differences in the scattering proprieties of the inner macular layers are relatively small and not well resolved, and this can explain why the inner retinal layers are more difficult to segment. Han et al. also found higher rates of acquisition artifacts than we did (0.1%-9.3% vs. 0.1%-0.5%); this result can be explained by the fact that they studied patients with retinal diseases, where the anatomic alterations in the macular region and its associated visual impairments (i.e., fixation difficulties) can cause difficulties in image acquisition, compared to the healthy and glaucomatous subjects that we enrolled. This study similarly found that acquisition errors were higher in glaucoma patients compared to healthy patients ( Table 2) .
The current study has several limitations. The glaucoma subjects were older by an average of 14 years compared to the normal subjects (Table 1) . Some studies have shown an agerelated loss of retinal ganglion cells, and 7205 retinal ganglion cells are estimated to die per year. [70] [71] [72] Also, Pokharel et al. 73 showed that, with each year of increasing age, average macular thickness, and total macular volume decreases by 0.556 and 0.0156 mm 3 respectively. The age disparity between the glaucoma and control groups may have enhanced the diagnostic performance of the parameters investigated. However, it is important to highlight the fact that this limitation was overcome by the fact that the differences in macular and RNFL thickness as well as GCC volume between normal and glaucomatous subjects were far more than the expected for aging differences alone. More specifically, the expected difference of GCC-volume-34, for a 54.1-year-old normal person versus a 68.2-year-old normal person (14.1-year period) is about 0.007 mm 3 ; the actual difference in our study population comparing healthy and glaucomatous subjects was instead 0.163 mm 3 . For macular thickness, the expected difference due to aging would be about 2.8 lm, while the actual difference between healthy and glaucomatous subjects was 27.9 lm. Finally, similar results have been obtained for RNFL thickness, which is known to thin physiologically by about 0.16 to 0.44 lm/year. [74] [75] [76] In our population, we found that the difference between healthy and glaucomatous subjects was about 36.5 lm, far more than the expected age-related decline of 1.2 lm. Considering the aforementioned results, it can therefore be concluded that age-matched normal controls and glaucoma patients were not needed. Another limitation of this study is that we did not do subgroup analysis of the diagnostic performance of these new macular parameters for preperimetric glaucoma or for all stages of disease severity, but only did analysis for all OAG patients and a subgroup with early OAG patients (VF MD: 0 to À6 dB). However, studies have shown that increased diagnostic capability occurs with increasing disease severity, so most past imaging studies have focused on the subset of early OAG patients when subgroup analysis was done. However, the results of our study can be only generalized to patients with perimetric glaucoma. Finally, in consideration of topographic studies which suggest that temporal GCC volume should not just be compared to temporal RNFL thickness but also to superior-temporal and inferior-temporal RNFL thickness, 54 further studies are needed to better evaluate the diagnostic ability of 3D GCC parameters and 2D RNFL thickness after adjusting for the topographic correspondence shown by Hood et al. 54 Finally, it is important to highlight that macular parameters measured by different SD-OCT devices may show different diagnostic abilities for glaucoma diagnosis. In details, the four most common SD-OCT platforms are represented nowadays by the Spectralis HRA OCT platform (Heidelberg Engineering), the RTVue SD-OCT platform (Optovue, Inc.), the Cirrus platform (Carl Zeiss Meditec), and the 3D OCT platform (Topcon, Inc., Tokyo, Japan). Each one of these platforms enables the assessment of the macular parameters with specific protocols that differentiate one device from the others. In details, the GCC scan protocol of the RTVue SD-OCT platform uses a 7-mm horizontal line with fifteen 7-mm vertical lines to display thickness values within a 6-mm diameter circle; the ganglion cell analysis of the Cirrus platform, measures the GCIPL in a 4.8 3 4.0 mm oval with a longer horizontal axis; the software PPAA in the Spectralis HRA OCT platform evaluates total retinal thickness in the macular region in a 308 3 258 scan region; 3D-OCT performs a raster scanning of a 7 mm 2 area centered on the fovea with a scan density of 512 (vertical) 3 128 (horizontal) scans to derive the macular parameters. A study from Akashi et al. 77 comparing the diagnostic abilities of Cirrus, RTVue, and 3D-OCT for glaucoma, showed that the average GCC thicknesses measured using these OCT instruments exhibited similar diagnostic abilities. However, several studies comparing the diagnostic ability of the macular parameters to those of the traditional RNFL thickness with the different platforms showed contrasting results. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Specifically, studies using the Cirrus HD-OCT [26] [27] [28] [29] [30] and RTVue [31] [32] [33] [34] instruments, comparing healthy subjects with patients with different stages of glaucoma, showed equivalent glaucoma diagnostic abilities of macular parameters (GCIPL or GCC, respectively) compared to peripapillary RNFL thickness (i.e., AUROC of the average GCIPL and GCC ranged from 0.735-0.964, and of average RNFL thickness from 0.735-0.972). [26] [27] [28] [29] [30] [31] [32] [33] [34] In other studies using RTVue OCT, average RNFL thickness performed better than the GCC in patients with preperimetric 35 and perimetric 36 glaucoma (i.e., AUROC of the average RNFL thickness ranged from 0.89035 to 0.91936 vs. 0.79035 to 0.86136 for GCC). Seong et al. 37 showed that GCC thickness had the same discriminating ability as peripapillary RNFL thickness for early glaucoma, while RNFL thickness performed better in patients with advanced disease. In our study, with the Spectralis platform, we showed that the best 3D macular parameter had the same or better diagnostic capability as 2D RNFL thickness. It is important to highlight that our results are not currently generalizable to other OCT systems which have different scan protocols and different commercially available software. Since one of our study aims was to develop new software that is customized not only for glaucoma but also for high-density scan protocols, these results could theoretically be generalizable to other OCT platforms if they were to use the same scan protocol and software. Future studies are needed to test this hypothesis.
In summary, this study showed that the best 3D macular parameter (GCC-volume-34) had the same or better diagnostic capability as 2D RNFL thickness. This study also demonstrated that inner retinal volume measurements (GCC-volume) had better diagnostic capability compared to total macular volume measurements (M-volume) for all annular regions analyzed. Mvolume measurements had the same or worse diagnostic capability compared to RNFL thickness values. Lastly, artifacts are more common in glaucoma patients compared to normal subjects, and 100% of macular volume scans had at least one Bscan with either an acquisition or segmentation artifact. However, manual deletion of erroneous frames with automated interpolation of the data did not increase the diagnostic capability of the macular parameters. Therefore, manual correction of macular volume scans is not necessary in the clinic, because artifacts are not clinically significant and, unlike RNFL thickness scans, can be compensated for by neighboring B-scans.
